. A similar decrease in the ability of the amino-terminal domain to differentiate among the naturally occurring operators has been observed (24). These results show that the carboxyl-terminal domain serves to enhance both repressor's affinity for specific sequences and its ability to distinguish between specific sites of various strengths.
region which mediates the 434 repressor-CT-i interaction. CT-1 proteins which have more than the last 14 amino acids removed are unable to interfere with 434 repressor action in vivo.
The cI gene of the lambdoid bacteriophage 434 encodes a DNA-binding protein called the repressor (18) . Similar to the case with the repressors of the other lambdoid phages (20) , each 209-amino-acid-long monomer of 434 repressor can be structurally and functionally divided into two domains (2) . The amino-terminal domain (R1-69) is composed of the first 69 amino acids and contains a helix-turn-helix structural motif. This unit is responsible for mediating all specific and nonspecific contacts between repressor and DNA (25). The carboxylterminal domain encompasses the last 115 amino acids of the repressor polypeptide. This domain stabilizes the formation of repressor dimers and mediates the formation of DNA-bound repressor tetramers (2) . The remaining -15% of the protein's sequence forms a linker between the amino-and carboxylterminal domains (18) .
Several observations highlight the importance of carboxylterminal domain-mediated repressor oligomerization in regulating 434 repressor's tight binding to operator DNA. First, separating the repressor into amino-and carboxyl-terminal domains by proteolytic cleavage reduces the affinity of the DNA-binding domain for operator by at least 100-fold (14, 24) . Furthermore, the isolated amino-terminal domain is less able to discriminate between synthetic 434 operators of various strengths than is intact protein (14) . For example, the intact protein binds 60-fold better to a synthetic reference operator than it does to mutant operator, whereas the isolated aminoterminal domain prefers the reference over the mutant site by only 12-fold (14) . A similar decrease in the ability of the amino-terminal domain to differentiate among the naturally occurring operators has been observed (24). These results show that the carboxyl-terminal domain serves to enhance both repressor's affinity for specific sequences and its ability to distinguish between specific sites of various strengths.
In addition to the effects of carboxyl-terminal domainmediated dimerization on DNA affinity, the cooperative interactions between two DNA-bound repressor dimers also mediated by this domain influence repressor's operator preferences. Repressor displays different orders of preference for the sites in OR, depending on whether the measurements are made with single, isolated sites or with intact OR (24). On independent sites, 434 repressor binds with lowest affinity to OR2, twofold more tightly to OR3, and with yet a sixfold-higher affinity to OR1-In intact OR repressor binds OR1 and OR2 with almost equal affinities and subsequently binds OR3 with an eightfoldlower affinity. This demonstrates that repressor dimers do not bind independently to the three sites in intact OR; rather, they form DNA-bound tetramers which cooperatively bind to two adjacent sites while binding the third site independently. The cooperative binding of repressor to OR1 and OR2 requires the carboxyl-terminal domain; cooperative binding is not displayed by the isolated amino-terminal domain (24). Since maintenance of the lysogenic state requires occupancy of OR2, this cooperatively is a crucial feature of the lysis-lysogeny switch (18) .
The study of the bacteriophage 434 repressor protein-DNA interaction, together with studies of other protein-DNA complexes, has yielded intimate details of how amino acids and base pairs can interact. While these investigations point out the importance of base-specific contacts, they have also made it 6908 CARLSON AND KOUDELKA clear that binding specificity is not determined solely by these contacts. X-ray crystallographic and biochemical examinations of the 434 repressor-operator complex indicate that the geometry of the protein-protein interactions in the DNA-bound repressor dimer indirectly influences its operator specificity (1, 12a, 13) . Despite the critical role that carboxyl-terminal domain-mediated repressor oligomerization has in regulating 434 repressor DNA binding, little is known about either the nature of the protein-protein interfaces or the structure of the domain itself. In this paper we report the results of our initial investigations of the structure and function of 434 repressor's carboxyl-terminal domain.
MATERIALS AND METHODS
Media and growth conditions. Liquid cell cultures were grown in Luria broth (17) . Plate assays were performed on Luria agar (17) . Both the Luria broth and Luria agar were supplemented with the antibiotic tetracycline at 10 ,ug/ml.
Bacterial strains, phages, and plasmids. Escherichia coli X90 (6) 20 mM NaPO4 (pH 6.8) plus 200 mM NaCl. All subsequent steps were performed at 4°C. The progress and purity of the preparation was monitored by sodium dodecyl sulfate-15% polyacrylamide gel electrophoresis (SDS-15% PAGE), and the proteins were visualized by Coomassie blue staining. The diluted lysate was centrifuged for 10 min at 10,000 x g. Sufficient 10% polyethyleneimine was added to the resulting supernatant to give a final concentration of 0.6%. This mixture was stirred for 10 min and then centrifuged for 10 min at 10,000 x g. The proteins in the supernatant were precipitated by adding 30 g of ammonium sulfate per 100 ml. The resulting pellet was dissolved in 20 ml of 20 mM NaPO4 (pH 6.8) plus the protease inhibitors. The protein was dialyzed against two 1-liter changes of the same buffer. The resulting solution was clarified by centrifugation for 20 min at 12,000 x g. The proteins were loaded onto a quaternary amine ionexchange column (Bio-Rad) equilibrated with 20 mM NaPO4 (pH 6.8). Following a wash with the same buffer, the proteins were eluted from the column with a linear NaCl gradient. Column fractions were analyzed on an SDS-15% PAGE gel. The CT-1 protein eluted from the column between 0.14 and 0.25 M NaCl. The CT-1-containing fractions were pooled and precipitated with 50% ammonium sulfate. The precipitated protein was dissolved in 50 mM NaPO4 (pH 6.8) and dialyzed against 1 liter of 50 mM NaPO4 (pH 6.8) plus 10% glycerol (storage buffer). Protein used for spectroscopic and crosslinking analysis was further purified on a Sephacryl S-200 column (1.5 by 30 cm) which was equilibrated with storage buffer. Fractions containing the protein were pooled, frozen, and stored at -80°C. The concentration of CT-1 protein was determined by A280 measurements with an estimated extinction coefficient.
Other proteins. P22 repressor and 434 repressor were prepared in this laboratory according to the procedures described in references 2 (Fig. 1) . As determined by SDS-PAGE, the molecular mass of this 434 repressor derivative closely corresponds to that predicted from the plasmid's DNA sequence (Fig. 1, lane 2 cies. This indicates that CT-1 specifically interferes with lysogen formation by 434 phage by oligomerizing with 434 repressor.
To better characterize the mechanism of CT-1 negative dominance, the properties of this protein were studied in vitro. As described in Materials and Methods, CT-1 was purified from E. coli following IPTG induction. The protein was found in the soluble fraction of the cell extract, and the average yield was 10 mg per liter. Figure 1 characterizes the products of the purification steps through the anion-exchange chromatography step. Peak fractions from this column were further purified by size exclusion chromatography. Overall, the method used to purify these proteins gives products which are judged to be >95% pure from analysis of Coomassie blue-stained SDS-PAGE gels (see also Fig. 6 ). The molecular weight of the purified CT-1 is lower than that of the protein found in whole-cell extracts. Amino-terminal sequencing of the purified protein reveals that the decrease in molecular weight results from a proteolytic removal of the first 19 amino acids of the protein. Since the gene encoding CT-1 was constructed by deleting an internal fragment of 434 repressor-coding sequence, the residues removed correspond to the first 19 amino acids of intact 434 repressor. Hence, the purified CT-1 contains amino acids 20 to 26 fused to the final 116 amino acids of 434 repressor. The sequence is shown in Fig. 2 . Figure 3 compares the CD spectra of intact 434 repressor, the amino-terminal DNA-binding domain of 434 repressor (Rl-69, composed of amino acids 1 to 69 of repressor), and CT-1 protein. As expected from high-resolution structural studies, the CD spectrum of Rl-69 has the characteristics of that of an entirely a-helical protein, with minima at 207 and 224 nm. By contrast, the CD spectrum of purified CT-1 displays a single minimum at 205 nm. This suggests that the secondary structure of CT-1 is composed largely of 1-sheet, an observation consistent with predictions made from computer analysis of its amino acid sequence (10) . Figure 3 shows that the spectrum of intact repressor has the combined characteristics of the spectra of the two isolated domains. Consistent with this assertion, the spectrum of the intact repressor can be (20) . The sequences are aligned at their RecA cleavage sites and are numbered beginning from this amino acid. This site corresponds to amino acid 112 in X repressor, 89 in 434 repressor, and 95 in P22 repressor. The locations of mutations in P22 (22) and/or X (3, 5, 11, 26) simulated by adding the Rl-69 and CT-1 spectra together (not shown). These observations indicate that the structures of the carboxyl-terminal domain in the intact repressor and isolated fragment are similar.
The ability of purified CT-1 to interfere with the formation of intact 434 repressor-DNA complexes was examined by DNase I footprinting. Figure 4 shows that adding a 2.5:1 molar ratio of CT-1 to a mixture of 434 OR1 and intact repressor completely prevents 434 repressor from forming a specific protein-DNA complex at this operator. Under identical conditions, addition of a 20-fold molar excess of CT-1 to a P22 repressor-P22 operator complex did not interfere with P22 repressor-DNA complex formation. This shows that CT-1 interference with 434 repressor DNA binding is due to a specific effect on 434 repressor and not to a general effect of CT-1 addition on protein stability. Together these results show that CT-1 interferes with lysogen formation in vivo by preventing the binding of 434 repressor to operator DNA.
Mechanism of CT-1-mediated interference. An unusual aspect of the experiments shown in Fig. 4 is that CT-1-mediated interference with 434 repressor binding appears to exhibit threshold, or all-or-none, behavior. If the association constants for repressor homodimer and repressor-CT-1 heterodimer formation are equal, we would expect that CT-1 addition would titrate 434 repressor off the DNA in a stepwise fashion. We therefore attempted a further characterization of the mechanism of interference.
CT-1-mediated interference with the formation of 434 repressor-operator complexes could be hypothesized to occur by either of two mechanisms. In the first case, CT-1 can be imagined to interact with a DNA-bound repressor dimer. Such a heteromeric interaction could catalyze a conformational change in DNA-bound 434 repressor which is incompatible with stable protein-DNA complexes. In this case, CT-1 would increase the dissociation rate of the 434 repressor dimer. (12a) , the repressor-CT-1 heterodimer would be unable to form a specific complex with DNA. To test this idea, the types of complexes formed in solutions of 434 repressor, CT-1, and their mixtures were examined by chemical cross-linking. Adding cross-linker to a solution of purified CT-1 results in the formation of a species with a molecular mass of 28 kDa, which is similar to that expected for a CT-1 homodimer (Fig. 6, lanes  6 and 7) . No higher-molecular-mass species were detected. Under similar conditions, 434 repressor forms a cross-linked species with a molecular mass of 45 kDa (compare lanes 8 and 9 in Fig. 6 ). This indicates that at this concentration, 434 repressor also forms only homodimeric complexes. A comparison of lanes 10 and 11 of Fig. 6 shows that when a mixture of CT-i and 434 repressor is incubated with cross-linker, a new species with a molecular mass distinct from that of either of the homodimeric products is formed. The apparent molecular mass of this species corresponds to that of a 434 repressor-CT-1 heterodimer. To confirm that the observed 434 repressor-CT-1 interaction detected by cross-linking is specific, these experiments were repeated with mixtures of P22 repressor and CT-1. As shown in Fig. 6 (lanes 2 to 5) , no species indicative of a P22 repressor-CT-1 heterodimer is observed. This result is consistent with the observation that added CT-1 does not interfere with the stability of P22 repressor-DNA complexes (data not shown). Taken together, these data strongly suggest that CT-1 interferes with the formation of 434 repressor-DNA complexes by forming heterodimeric complexes with unbound 434 repressor.
A comparison of lanes 9 and 11 in Fig. 6 shows that when CT-1 and 434 repressor are incubated together, the amount of repressor homodimer is decreased and the yield of CT-1 homodimer remains constant. These observations indicate that the stabilities of Cf-1 homodimers and 434 repressor-CT-1 heterodimers are similar and exceed that of the 434 repressor homodimers. That the CT-1 homodimer complex is more stable than the intact repressor homodimer is consistent with the observation that intact repressor elutes from gel filtration columns as a monomer at concentrations lower than 1 ,M, while CT-1 chromatographs as a dimer at concentrations at least as low as 10 nM (data not shown).
The suggestion that repressor homodimers are significantly weaker than either CT-1 homodimers or CT-1-intact repressor heterodimers helps to explain the threshold behavior of CT-1-mediated interference with 434 repressor-DNA complex formation seen in Fig. 4 (15, 16) . These observations indicate that amino acids 110 to 114 lie in the dimerization surface of the carboxyl-terminal domain or that a critical part of the dimer interface is formed by a structure which is stabilized by these amino acids.
Extensive mutagenesis and biochemical studies of the repressors of the related lambdoid bacteriophages A and P22 have located the amino acids which are part of the cooperativity interfaces of these two proteins (3, 5, 11, 22, 26) . As demonstrated by cooperativity "swap" experiments between P22 and X repressor (26), the critical part of this interface lies between amino acids 86 and 94 (Fig. 2) . To date, similarly detailed studies on the location of the dimerization interface of either X, P22, or 434 repressor have not been reported. Our deletion analysis provides evidence that a critical part of the dimerization interface in 434 repressor's carboxyl-terminal domain lies beyond amino acid Lys-110 of CT-1. This conclusion is consistent with the results that mutation of Ser-228 to Asn/Arg or of Thr-234 to Lys in repressor (amino acids 118 and 124 in Fig. 2 ) decreases its dimerization constant (3, 5, 11) . It is interesting that deletion of the region which affects dimerization does not overlap the part of the sequence which has been implicated to be critical for cooperativity in the homologous X and P22 repressor proteins. This observation suggests that the cooperativity and dimerization interfaces in the carboxyl-terminal domains of the phage repressors are segregated into two distinct, but nearby, regions of the proteins' primary structures. This conclusion is supported by the observation that substituting amino acids 183 to 209 (96 to 123 in Fig. 2 Figure 2 ) do not (5a) . Further work is required to confirm that dimerization and cooperativity functions are segregated in the primary sequence and to determine whether these interfaces display similar segregation in the tertiary structures of these domains.
